Electrocardiographic PR interval measures atrial and atrioventricular depolarization and conduction, and abnormal PR interval is a risk factor for atrial fibrillation and heart block. We performed a genome-wide association study in over 92,000 individuals of European descent and identified 44 loci associated with PR interval (34 novel). Examination of the 44 loci revealed known and novel biological processes involved in cardiac atrial electrical activity, and genes in these loci were highly over-represented in several cardiac disease processes.
ABSTRACT
Electrocardiographic PR interval measures atrial and atrioventricular depolarization and conduction, and abnormal PR interval is a risk factor for atrial fibrillation and heart block. We performed a genome-wide association study in over 92,000 individuals of European descent and identified 44 loci associated with PR interval (34 novel). Examination of the 44 loci revealed known and novel biological processes involved in cardiac atrial electrical activity, and genes in these loci were highly over-represented in several cardiac disease processes.
Nearly half of the 61 independent index variants in the 44 loci were associated with atrial or blood transcript expression levels, or were in high linkage disequilibrium with one or more missense variants. Cardiac regulatory regions of the genome as measured by cardiac DNA hypersensitivity sites were enriched for variants associated with PR interval, compared to non-cardiac regulatory regions.
Joint analyses combining PR interval with heart rate, QRS interval, and atrial fibrillation identified additional new pleiotropic loci. The majority of associations discovered in European-descent populations were also present in AfricanAmerican populations. Meta-analysis examining over 105,000 individuals of African and European descent identified additional novel PR loci. These additional analyses identified another 13 novel loci. Together, these findings underscore the power of GWAS to extend knowledge of the molecular underpinnings of clinical processes.
Introduction
The PR interval on the surface electrocardiogram reflects atrial and atrioventricular node myocyte depolarization and conduction. Abnormalities in PR interval duration are associated with increased risk of atrial fibrillation, which carries substantial risk of morbidity and mortality, and with cardiac conduction defects and heart block, conditions that often necessitate pacemaker implantation. 1 Understanding the molecular mechanisms underlying PR interval may provide insights into cardiac electrical disease processes, and identify potential drug targets for prevention and treatment of atrial fibrillation and conduction disease.
Twin and family studies suggest that the heritability of PR interval is between 40% and 60%. 2 Prior genome-wide association studies (GWAS) in up to 30,000 individuals have identified ten loci associated with PR interval among European-descent individuals. 3, 4 The key motivation for the present study was to extend the biological and clinical insights derived from GWAS data by utilizing a >3 fold increased sample size to detect novel PR loci. We further increased power by performing trans-ethnic meta-analyses. To gain additional biological
and clinical insights, we tested for pleiotropy with other clinically relevant phenotypes. We examined the biological and functional relevance of identified associations to gain insights into molecular processes underlying clinically important outcomes.
Meta-analysis of Genome-Wide Association Studies for PR interval among European Ancestry Individuals
We meta-analyzed ~2. Figures 1 and 2 ). While genomic inflation factor lambda was modest (1.11), linkage disequilibrium (LD) score regression 5 showed that deviation from the expected P-value distribution was mainly caused by true polygenicity (Supplementary Figure 3) . Using a Bayesian gene-based test of association (GWiS), 6 we identified 61 independent signals in the 44 loci.
For example, the top locus on chromosome 3, mapping to the two cardiac sodium channel genes SCN5A and SCN10A, had seven independent signals associated with PR interval (Figure 2a ).
Putative Functional Variants
To assess the functional relevance of the identified SNPs, we examined whether the index variants were in high LD with either nonsynonymous variants or with putative regulatory SNPs. Ten of the 44 loci had missense variants in high LD (r 2 > 0.8) with the index SNP ( Table 1, Supplementary Table 3) . TTN, in particular, was enriched for missense SNPs, with the top signal and approximately one-third of the 47 genome-wide significant TTN SNPs being missense (Figure 2b) . To examine the possible impact of these amino acid substitutions on protein structure or function, we used two prediction algorithms, Figure 5) .
Interestingly, the second most enriched tissue DHSs were in those that regulate microvascular endothelial cells, complementing our findings (noted above) that there is enrichment in genes involved in blood vessel morphogenesis.
Using a candidate region approach in which we limited the regions examined only to those that contain cardiac DHSs (n=122,278), we identified an additional four loci associated with PR interval after Bonferroni correction for the number of SNPs tested ( Table 2) .
Molecular Function and Biologic Processes associated with PR genes
Although ).
Clinical Relevance of PR-associated Loci
To examine the clinical relevance of the identified loci, we intersected the PR genes with gene membership from multiple knowledge bases encompassing over 4,000 human diseases. The most highly over-represented conditions (P ≤ 1 x 10 -8 ) are heart diseases including congenital abnormalities and heart failure, sick sinus syndrome and sinus arrhythmia (phenotypes related to the sinus node which houses the pacemaker cells that generate heart beats), heart block (related to cardiac conduction between atria and ventricles), and atrial fibrillation (Supplementary Table 5 ). To further explore the molecular underpinnings of these clinical relationships, we jointly analyzed the PR GWAS results with the GWAS results of heart rate 9
, QRS interval (measure of ventricular conduction) 10 , and atrial fibrillation 11 .
We examined PR SNPs for association with QRS, atrial fibrillation, and heart rate. All 61 independent SNPs from 44 loci were examined. Over half of the independent SNPs (31/61) representing 20 loci were also associated with at least one of the other electrical phenotypes (Supplementary Table 6, Figure 3 ). The cardiac sodium channel genes, SCN5A and SCN10A, clearly play a critical role in cardiac electrophysiology. PR prolonging variants in these genes are also associated with prolonged QRS duration, but with lower risks for atrial fibrillation and lower heart rate ( Figure 3) . The role of transcription factors in cardiac electrophysiology is equally complex. Several T-box containing transcription factors, important for cardiac conduction system formation in the developing heart, are associated with PR interval. Although TBX3 and TBX5 sit close together on chromosome 12, the PR prolonging allele in TBX5 prolongs QRS and decreases AF risk while the PR prolonging allele in TBX3 shortens QRS duration while also decreasing AF risk. The PR prolonging variant near TBX20 prolongs QRS duration but is not associated with AF risk (Figure 3) . Overall, eight of the 13 transcription factor genes associated with PR interval were also associated with at least one other atrial or atrioventricular electrical phenotype.
PR and QRS intervals
Many loci regulate both atrial / atrioventricular (PR interval) and ventricular (QRS) depolarization and conduction: twelve of our 44 PR loci were nominally associated with QRS duration (Supplemental Table 6 ) and, similarly, 17 of 22 previously identified QRS loci were at least nominally associated with PR interval (Supplementary Table 7 ). Several intriguing findings are worth highlighting. 
PR interval and Atrial Fibrillation
One-third (18/61) of PR index SNPs were nominally associated with AF.
Of these 18 prolonged PR SNPs, six are associated with increased AF risk, whereas 12 paradoxically lowered AF risk. This observation is consistent with the relationship between PR interval and AF described in population studies, where we showed that while both short (<120 ms) and long (>200 ms) PR interval are associated with increased AF risk, short PR interval is associated with higher risk than long PR interval. 11 For both concordant (meaning relationships where the PR prolonging variant is associated with increased AF risk) and discordant PR -AF relationships, the larger the SNP effect size for PR interval, the larger the odds ratio for association with AF (Supplementary Figure 6a) . The CAV1 index SNP associated with increased PR interval and decreased AF risk reached genome-wide significance for both phenotypes. Furthermore, of 23 previously described AF GWAS loci, 11 were at least nominally associated with PR interval. 12 Interestingly, despite adequate power to identify modest associations, several loci, including PITX2, the most significant AF GWAS locus, showed no association with PR interval (Supplementary Table 7) . Therefore, these loci may have a mode of action independent of atrial and atrioventricular depolarization or conduction.
PR interval and Heart Rate
Ten PR loci were nominally associated with heart rate, including two sarcomeric proteins, MYH6 and TTN. At the MYH6 locus, variant rs365990 is associated prolonged PR interval and with slower heart rates, whereas an independent MYH6 signal (<20 kb away; rs11465506) also associates with prolonged PR but is associated with markedly faster heart rates. We then examined heart rate SNPs for association with PR and found half of the heart rate SNPs were associated with PR interval, with both concordant and discordant effects. Adjusting for heart rate in the regression model did not impact the effect size or significance of the PR-genotype associations, even though resting heart rate is modestly associated with PR interval (Supplementary Figure 7) .
Joint phenotype meta-analyses
Finally, we performed joint phenotype analyses, with PR-heart rate, PR-QRS, and PR-atrial fibrillation as outcomes, to increase the power of finding loci involved in cardiac electrical activity. As described above, prolonged PR variants can have either a concordant or discordant association with another electrical phenotype. Therefore, we modeled the outcome for each joint analysis in two ways: with a variant having a concordant effect on PR-QRS, PR-HR, and PR-AF, and a discordant effect (Supplementary Figures 6a-c) . These analyses yielded 10 novel loci associated with atrial electrical activity: five related to atrial and ventricular conduction (from PR-QRS analyses); two related to atrial electrical activity and arrhythmias (from PR-AF analyses); two related to atrial depolarization and heart rate (from PR-HR analyses); and one related to both PR-QRS and PR-AF (Table 2 Supplementary Figure 8 ).
Trans-ethnic Analyses
Our study had less power to find associations among African Americans (n = 13,415) than among European-descent individuals (n = 92,340). Nonetheless,
of the 44 European-identified loci nominally replicated among African
Americans, suggesting that a large proportion of genetic associations with PR interval are shared between the two ethnic groups (Supplementary Table 7 ).
For European-descent GWAS PR SNPs at least nominally associated with PR among African Americans, the estimated effect was in the same direction for the two populations (Supplementary Figure 6d) . Supplementary Figure 8 ).
Discussion
Our GWAS meta-analytic study of over 92,000 individuals of European ancestry identified 44 loci associated with cardiac atrial and atrioventricular conduction (PR interval). The implicated genes at these loci show strong enrichment for genes involved in processes related to cardiac conduction, namely, cardiovascular system development and, specifically, in development of the cardiac chamber and bundle of His. Similarly, diseases overrepresented by these genes are processes related to arrhythmias and heart block, consistent with the current knowledge of the physiology and epidemiology of cardiac atrial conduction.
Using HapMap 13 imputation, we tested over 2.7 million SNPs, and while we did not directly test all common variants with this approach, nor did we test low-frequency variants (with minor allele frequencies below 1%), we identified many index SNPs in LD with functional variants, either through amino acid changes or involvement in gene regulation. For most newly identified loci, we are able to pinpoint a gene that may be causative, either because the index SNP (or a SNP in high LD with it) is a missense variant in the gene, or because it regulates the expression of the gene. Regulation of gene expression can be tissue specific, and our findings underscore the importance of examining eQTL data in tissue types relevant to the trait of interest.
A total of 34 novel loci were identified for PR interval in Europeans.
Several have been identified previously in a related phenotype or in a different ancestral population, reassuring the validity of our results. Two loci, EFHA1 and LRCH1, were previously identified for association with the PR segment. 14 In addition, the novel locus CAMK2D was found to associated with P-wave duration, and MYH6 with P-wave duration and P-wave terminal force. 15 The ID2 locus on chromosome 2 was found in a GWAS on PR interval in Hispanic/Latino populations. 16 A locus that was identified in two studies in Asian populations, 17, 18 SLC8A1, did not reach genome-wide significance in our meta-analysis, but was suggestive with the strongest SNP being rs13026826 (beta for A-allele: 0.278, P=1.036 x 10 -6
).
Contrasting meta-analyzed association results from European descent individuals with results from a smaller sample of African Americans, we find that, with few exceptions, a large proportion of genetic associations with PR interval are shared between the two ethnic groups. We then combined data from
Europeans and African Americans in a trans-ethnic meta-analysis, allowing us to find additional loci. With over 105,000 samples in total, our power to find association -even with small effect sizes -was substantial for common variants.
Future studies should examine sequence or other data that provide better assessment of rare and common functional variants, as was done previously for SCN5A. 19 We also combined our results on PR interval with previously published results on heart rate, QRS duration, and atrial fibrillation, and identified loci contributing to atrial arrhythmias and atrioventricular conduction. We observed significant pleiotropy of effect of these SNPs, with over half of the SNPs associated with PR interval (atrial conduction) in the study also associated ventricular conduction (QRS interval), atrial arrhythmias (atrial fibrillation), and heart rate (RR interval).
Our series of GWAS studies, including transethnic and cross-trait metaanalytic studies, has identified 57 loci, 47 of which are novel, associated with cardiac atrial and atrioventricular electrical activity among individuals of European and African ancestry. Understanding the biology of a trait in this way provides insight into related disease processes and may help identify potential approaches to drug therapy.
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